Introduction
============

In spite of improved acute treatment and follow‐up strategy of patients with acute ST‐elevation myocardial infarction (STEMI), the incidence of death or heart failure after STEMI is still high. Reperfusion of the infarct‐related artery (IRA), preferably by primary percutaneous coronary intervention (PCI) if it can be performed within guideline‐recommended time frames, is the most effective treatment to limit infarct size, preserve left ventricular (LV) function, and prevent development of heart failure.^[@b1]^ Paradoxically, however, reperfusion itself may result in further injury to the ischemic myocardium by complex mechanisms collectively termed ischemia‐reperfusion (I/R) injury.^[@b2]^ Numerous different pharmacological principles aimed to reduce I/R injury have been tested in clinical trials and, with a few promising exceptions, have failed to reduce infarct size or occurrence of adverse clinical events.^[@b2]--[@b4]^

Cardioprotection by ischemic postconditioning (IPost) was reported on in an animal model in 2003, demonstrating markedly reduced infarct size, compared to controls.^[@b5]^ The first clinical study showing reduction of myocardial necrosis by IPost in STEMI patients was published in 2005.^[@b6]^ This study was followed by several reports on beneficial effects of IPost on release of markers of myocardial necrosis and reduction of infarct size in STEMI patients.^[@b7]--[@b10]^ These trials, however, were small, and the efficacy of IPost has not been clarified or implemented in routine treatment of STEMI. Larger clinical studies on the efficacy and safety of IPost in STEMI are needed. The present study was initiated to further evaluate the effects of IPost in a larger group of STEMI patients undergoing primary PCI. The primary endpoint was infarct size, assessed by cardiac magnetic resonance (CMR) after 4 months. Secondary endpoints included the effect of IPost on myocardial necrosis, salvage, LV function, as well as the frequency of adverse cardiac events during follow‐up.

Methods
=======

The Postconditioning in ST‐Elevation Myocardial Infarction (POSTEMI) study was a prospective, randomized, single‐center, open‐label clinical trial with blinded endpoint evaluation in STEMI patients undergoing primary PCI. Two reperfusion strategies, PCI with IPost or conventional PCI, were compared. The study protocol was approved by the Regional Committee for Medical Research Ethics, South‐East Norway, and the trial was registered at [www.ClinicalTrials.gov](http://www.ClinicalTrials.gov) (NCT.No.PO1506). The study was conducted in accord with the ethical principles of the Declaration of Helsinki. All patients gave written informed consent to participate in the study.

Study Population
----------------

The study design has been published in detail previously.^[@b11]^ Briefly, patients with first‐time acute STEMI with symptom duration \<6 hours, referred to primary PCI, were considered for inclusion. ST‐segment elevation in ECG ≥1 mm in at least 2 contiguous extremity leads or ≥2 mm in at least 2 precordial leads or new‐onset left‐bundle branch block had to be present. Clinically unstable patients with cardiac arrest, cardiogenic shock, hypotension, or pulmonary congestion were not eligible for inclusion. Patients with previous myocardial infarction, renal failure (serum creatinine \>200 μmol/L), inability to provide informed consent, as well as patients with contraindications for CMR were not included. Occlusion of the proximal or middle part of 1 of the 3 main coronary vessels (thrombolysis in myocardial infarction \[TIMI\] flow 0 to 1) with no or minimal collateral flow to the ischemic myocardium and successful reperfusion after the first balloon inflation (TIMI flow 2 to 3) had to be demonstrated angiographically before 1:1 randomization to IPost or control groups. A permuted block randomization list was computer generated and transferred by people not involved in patient care to a sequence of sealed, opaque, consecutively numbered envelopes before start of the study.

Treatment Protocol
------------------

All patients received aspirin 300 mg, clopidogrel 600 mg, and heparin 70 IU/kg before the procedure, and a weight‐adjusted bolus of eptifibatide was given before the first balloon inflation, followed by minimum 12‐hour infusion. Postconditioning was performed by 4 cycles of 1‐minute balloon occlusion of IRA, starting 1 minute after opening and separated by 1‐minute reperfusion intervals, followed by stent implantation. In the control group, stenting was performed immediately after reperfusion. During the inclusion period, it was decided that patients fulfilling the inclusion criteria and with an indication for thrombectomy could be eligible for randomization. The decision to use thrombectomy devices and choice of stent type and dimension were left to the operator. Adjunctive treatment was given according to European guidelines for management of STEMI.^[@b1]^

Study Endpoints
---------------

The primary endpoint was infarct size, measured by CMR as percentage of LV mass, after 4 months. Infarct size measured after 4 months was considered a biologically relevant and robust outcome variable. Secondary endpoints were myocardial perfusion grade, ST‐resolution in ECG, peak levels of troponin T, LV ejection fraction (LVEF) by CMR after 4 months, and myocardial salvage index. When feasible, infarct size was also measured by an early CMR in the acute stage. Clinical cardiovascular events until 4 months were recorded.

Angiographic Analysis
---------------------

Collateral flow to the ischemic myocardium was graded according to Rentrop criteria.^[@b12]^ After PCI, 200 μg of glycerylnitrate was given intracoronary and myocardial perfusion grade was assessed using TIMI definitions.^[@b13]^

ECG Analysis
------------

In a 12‐lead ECG taken before admission, ST elevation was measured manually at the J‐point to the nearest 0.5 mm. For quantification of ST elevation, the single lead with maximal elevation in baseline ECG was chosen. ST elevation was measured in the same lead in ECG taken 60 minutes after reperfusion, and ST resolution (%) was defined as (\[ST elevation at baseline−ST elevation after reperfusion\]/ST elevation at baseline)×100.

Cardiac Biomarkers
------------------

Blood samples were drawn before and at the end of the angiographic procedure for biobanking and for analysis of troponin T, repeated every 8 hours until peak value. Troponin T was determined by electrochemiluminescence technology for quantitative measurement (Elecsys 2010; Roche, Mannheim, Germany). The interassay coefficient of variation was 7%.

CMR Protocol and Analysis
-------------------------

CMR was performed after 4 months, and, if logistics permitted, an early CMR was also undertaken in the acute stage within 1 to 5 days. CMR was performed on a 1.5‐T scanner (Philips Intera, release 11 or Philips Achieva, release 3.2.1.1; Philips Healthcare, Best, the Netherlands), using 5‐element Synergy‐cardiac or Sense‐cardiac coil, respectively, and vector‐based ECG. Patients with 2 CMR studies were examined in the same scanner at both occasions according to a standard clinical CMR protocol. For functional and LV volume analysis, short axis images were acquired. The late gadolinium enhancement study was performed 15 minutes after contrast injection in 2‐ and 4‐chamber long axis view and in short axis view. A dose of 0.15 mmol/kg, gadolinium‐DTPA 469 mg/mL (Magnevist; Schering AG, Berlin, Germany) was used.

Image analyses were performed on an Extended MR Work Space (Philips Medical Systems, Eindhoven, the Netherlands) by an observer blinded to randomization. LVEF and myocardial volume were calculated by assessment of the volumes of the epi‐ and endocardial contours in diastole and systole of the short axis images. Myocardium at risk was measured in the acute stage and myocardial salvage index defined as (%): (\[myocardium at risk−infarct size at 4 months\]/myocardium at risk)×100. The intraobserver reliability estimated by the intraclass correlation coefficients for myocardium at risk and infarct size were 0.876, 95% CI (0.628 to 0.963) and 0.985, 95% CI (0.963 to 0.994), respectively.

Sample Size and Statistical Analysis
------------------------------------

In a previous series of unselected STEMI patients treated by primary PCI in our institution, infarct size measured by single‐photon emission computed tomography was 14±8% of LV mass.^[@b14]^ A 20% relative infarct size reduction (2.8% points) by IPost was considered clinically relevant. To demonstrate this effect with a type I error of 5% and a statistical power of 80%, 127 patients in each treatment group were needed. Categorical variables are presented as proportions, and the chi‐square test was used to analyze differences between groups. Because of skewness, continuous variables are presented as median values with interquartile range and group differences were analyzed by nonparametric tests (Mann‐Whitney). Baseline risk factors of the primary endpoint were controlled for in a multivariate linear model, followed by ANCOVA, also controlling for early infarct size, using a manual backward elimination procedure.^[@b15]--[@b16]^ A sensitivity analysis for dropout patients with worst/best case scenarios was done.^[@b17]^ A *P*\<0.05 was considered statistically significant. The EpiInfo (version 3.5.1; Centers for Disease Control and Prevention, Atlanta, GA) software was used.

Results
=======

Study Population and Treatment Assignment
-----------------------------------------

Between May 2009 and August 2012, 2866 STEMI patients were accepted for primary PCI at Oslo University Hospital Ullevål and assessed for eligibility. After screening, 272 patients were randomized in the trial, 136 in each group ([Figure 1](#fig01){ref-type="fig"}). Clinical baseline characteristics and angiographic findings were similar between the groups ([Table 1](#tbl01){ref-type="table"}). The IPost procedure was well tolerated.

###### 

Patient Baseline Characteristics

  Variable                                                          Control (n=136)   Postconditioning (n=136)
  ----------------------------------------------------------------- ----------------- ---------------------------------------
  Age, y                                                            60 (52, 64)       61 (53, 69)
  Male gender, %                                                    80.1              83.8
  Treated hypertension, %                                           25.0              28.7
  Treated diabetes, %                                               2.2               3.7
  Current smoking, %                                                53.7              48.5
  Symptom‐to‐balloon time, minutes                                  176 (124, 255)    198 (134, 275)
  Door‐to‐balloon time, minutes                                     31 (25, 39)       32 (29, 38)
  Systolic blood pressure[\*](#tf1-1){ref-type="table-fn"}, mm Hg   140 (126, 166)    140 (125, 160)
  Heart rate[\*](#tf1-1){ref-type="table-fn"}, bpm                  77 (64, 87)       75 (63, 89)
  Infarct‐related artery, %                                                           
  LAD                                                               50.7              45.6
  LCX                                                               8.1               13.2
  RCA                                                               41.2              41.2
  1‐vessel disease, %                                               66.9              66.9
  2‐vessel disease, %                                               24.3              19.1
  3‐vessel disease, %                                               8.8               14.0
  TIMI flow before balloon, %                                                         
  0                                                                 95.6              93.4
  1                                                                 4.4               6.6
  TIMI flow after balloon, %                                                          
  0                                                                 0                 0.7
  2                                                                 1.5               1.5
  3                                                                 98.5              97.8
  Type of stent, %                                                                    
  Bare‐metal stent                                                  71.3              70.9[\*](#tf1-2){ref-type="table-fn"}
  Drug‐eluting stent                                                28.7              29.1
  Thrombectomy, %                                                   26.5              19.1

Data are presented as median values (interquartile range) or percentages. LAD indicates left anterior descending; LCX, left circumflex; RCA, right coronary artery; TIMI, thrombolysis in myocardial infarction.

At admission.

No stent implantation (balloon dilation only) was performed in 2 patients in the postconditioning group.

![Study flow diagram. CMR indicates cardiac magnetic resonance; TIMI, thrombolysis in myocardial infarction.](jah3-3-e000679-g1){#fig01}

Infarct Size
------------

CMR examination was performed at a median of 4 (4.4) months after PCI in 249 patients (91.5%) ([Table 2](#tbl02){ref-type="table"}). CMR was not accomplished in 23 randomized patients, 6 patients were dead, there were 6 withdrawals of consent, and 11 examinations were rejected because of poor image quality or interrupted because of claustrophobia ([Figure 1](#fig01){ref-type="fig"}). Infarct size as percentage of LV mass was 14.4% (7.7, 24.6) in the control group and 13.5% (8.1, 19.3) in the IPost group (*P*=0.18; [Figure 2](#fig02){ref-type="fig"}). Anterior wall infarction and symptom‐to‐balloon time were independent risk factors of infarct size. When controlling for these variables in a multivariate linear model, no significant impact of IPost on infarct size was found (*P*=0.16). This was followed by another analysis, using ANCOVA to control for early infarct size, infarct location, and symptom‐to‐balloon time, and there was no difference in infarct size after 4 months (*P*=0.51). A worst/best case simulation of dropouts did not change the primary endpoint evaluation.

###### 

Outcome Evaluations in the Acute Phase and After 4 Months

  Variable                                                            Control                 Postconditioning      *P* Value
  ------------------------------------------------------------------- ----------------------- --------------------- -----------
  In the acute phase                                                  (n=136)                 (n=136)               
  Myocardial blush grade[\*](#tf2-1){ref-type="table-fn"} (TMPG) ≥2   118 (86.8%)             112 (82.4%)           0.20
  ≥50% ST‐segment resolution after 1 hour                             122 (89.7%)             120 (88.2%)           0.42
  Peak troponin T, ng/L                                               6251 (3284 to 11 570)   5693 (3350 to 9488)   0.63
  CMR in the acute phase                                              (n=119)                 (n=113)               
  Time to CMR, days                                                   2                       2                     0.51
  Infarct size (% of LV mass)                                         17.4 (11.3 to 28.9)     16.2 (11.3 to 28.2)   0.75
  Ejection fraction, %                                                50 (41 to 59)           51 (44 to 58)         0.60
  CMR after 4 months                                                  (n=129)                 (n=120)               
  Time to CMR, months                                                 4                       4                     0.37
  Primary endpoint: infarct size (% of LV mass)                       14.4% (7.7 to 24.6)     13.5% (8.1 to 19.3)   0.18
  Ejection fraction, %                                                55.0 (48 to 62)         56.5 (49 to 63)       0.19
  Myocardial salvage index                                            49.0 (37 to 61)         52.4 (41 to 68)       0.30
  Clinical events between randomization and 4‐month follow‐up                                                       
  All cause mortality                                                 2                       4                     
  Urgent rehospitalization                                                                                          
  Heart failure                                                       5                       2                     
  Acute coronary syndrome                                             9                       2                     

Data are presented as median values (interquartile range) or n (%). CMR indicates cardiac magnetic resonance; LV, left ventricle; PCI, percutaneous coronary intervention; TIMI, thrombolysis in myocardial infarction; TMPG, TIMI‐myocardial perfusion grade.

After completion of PCI.

![Final infarct size (percent of left ventricular mass) in the control (n=129) and ischemic postconditioning (IPost, n=120) groups, measured by cardiac magnetic resonance after 4 months. Median values and interquartile range are given.](jah3-3-e000679-g2){#fig02}

Secondary Endpoints
-------------------

There were no between‐group differences in myocardial perfusion grade immediately after PCI, ST resolution 60 minutes after reperfusion, peak troponin T values, or LVEF at 4 months ([Table 2](#tbl02){ref-type="table"}). Myocardium at risk and myocardial salvage index were determined in a subgroup of patients who had been evaluated by CMR both in the acute stage and after 4 months (n=185). There was no significant effect of IPost on these variables ([Figure 3](#fig03){ref-type="fig"}A and [3](#fig03){ref-type="fig"}B; [Table 2](#tbl02){ref-type="table"}). A total of 259 included patients had clinical follow‐up visit after 4 months. Six patients had died between inclusion and the 4‐month visit, 2 in the control group and 4 in the IPost group. There was no significant difference between the groups regarding rehospitalization for acute coronary syndromes or heart failure ([Table 2](#tbl02){ref-type="table"}).

![A, Myocardium at risk (percent of left ventricle) in the control (n=91) and ischemic postconditioning (IPost; n=94) groups, measured by cardiac magnetic resonance in the acute stage. Median values and interquartile range are given. B, Myocardial salvage index (%), determined in‐hospital and after 4 months in the control (n=89) and ischemic postconditioning (IPost; n=88) groups. Median values and interquartile range are given.](jah3-3-e000679-g3){#fig03}

In a post‐hoc, hypothesis‐generating approach, the impact of IPost on infarct size was evaluated in subgroups, according to gender, age (over/below 60 years), infarct location (anterior/nonanterior), and symptom‐to‐balloon time (over/below 3 hours). The effect of IPost in these subgroups was neutral in multivariate analyses (data not shown).

Discussion
==========

The main result of the present trial is that IPost in STEMI patients undergoing primary PCI did not reduce infarct size after 4 months. Also, the effect of IPost on secondary endpoints in the study, including myocardial perfusion grade, ST resolution, peak levels of troponin T, LVEF, and myocardial salvage, as well as the frequency of clinical adverse events, was consistently neutral. When we adjusted, in multivariate analyses, for baseline variables influencing infarct size, there was still no impact of IPost. Also, there was no effect of IPost on early infarct size, measured by CMR in the acute stage in approximately 85% of the patients.

This is, to date, the largest randomized trial on IPost in STEMI with infarct size as the primary endpoint. Since the launch of our study, the results of several other, smaller trials have been published.^[@b18]--[@b24]^ In some of these studies, cardioprotective effects of IPost have been reported.^[@b18]--[@b19],[@b21],[@b23]^ Other investigators, however, have not been able to confirm any protection by IPost,^[@b20],[@b22],[@b24]^ and a trend toward adverse effects has even been suggested.^[@b22],[@b24]^ Recently, Hahn and coworkers reported no effect on ST‐segment resolution by IPost in 700 STEMI patients. However, data on final infarct size were lacking.^[@b25]^ With the results of our trial, the evidence supporting the use of IPost in the routine treatment of STEMI has been further weakened.

It is not clear why the results of clinical trials on IPost in STEMI diverge. Patient baseline characteristics, selection and determination of relevant endpoints, and the IPost procedure may be issues of importance.^[@b26]--[@b27]^

Patient Population
------------------

Clinical studies on IPost in STEMI have, thus far, been designed to include individuals supposed to benefit most from the procedure, as will be the case in explanatory trials aimed to test whether an intervention can work.^[@b28]^ Accordingly, all patients included in IPost trials are highly selected from the acute STEMI population, albeit according to somewhat different criteria. In the POSTEMI trial, we included patients with relatively short symptom duration, with the potentially largest areas at risk, without collaterals, and patients without preinfarction symptoms. Because of the endpoint evaluation with CMR, we excluded patients with a history or sign of previous infarction. Thus, our results are not representative for the general STEMI population, but in accord with experimental data, our included patients would be among those expected to gain most from IPost.^[@b2],[@b26]--[@b27]^ Our inclusion and exclusion criteria compare well with those of studies reporting positive effects of IPost, although some of these have included patients up to 12 hours from symptom onset. The median total ischemia time in our study is relatively short, but there is no evident relation between this time period and study outcome.^[@b6],[@b18]--[@b19],[@b21],[@b23]^ Patient comorbidities and medication may represent confounding factors in trials on IPost,^[@b26]--[@b27]^ but our patients seem to be comparable with other study populations in these respects.^[@b6],[@b9],[@b18],[@b20]--[@b24]^

Study Endpoints
---------------

Ideally, novel treatment strategies in STEMI should be evaluated by randomized trials with new clinical events, including mortality, as primary endpoints. Such studies would necessarily require a large number of patients. Consequently, the use of surrogate endpoints to test the potential of a novel treatment is reasonable. Release of markers of myocardial necrosis, myocardial perfusion grade, and ST resolution may be considered less‐precise measures of myocardial injury than infarct size. Infarct size has been shown to correlate with prognosis after STEMI.^[@b29]^ CMR permits a high spatial resolution, and infarct size determined by this modality has been advocated as a suitable surrogate endpoint in medium‐size clinical trials in STEMI.^[@b30]^ A reduction, as well as no impact, of IPost on infarct size measured by CMR has been reported previously.^[@b18],[@b20],[@b22],[@b24]^ Myocardial salvage may be a relevant variable in the assessment of a new reperfusion therapy.^[@b27],[@b31]^ Salvage takes myocardium at risk, the most important determinant of final infarct size, into account. Because the size of myocardium at risk may be influenced by the reperfusion strategy itself, it should be determined by an imaging technique that can be applied before reperfusion.^[@b23],[@b27],[@b31]^ Our study, however, included so many patients that the size of myocardium at risk would be expected to be similarly distributed in the 2 groups at baseline; we therefore included salvage as a secondary outcome in patients undergoing both early and late CMR, and no effect of IPost was found. Our results are consistent in that the use of IPost did not affect any of the outcome variables.

Postconditioning Procedure
--------------------------

Differences in IPost protocols could possibly influence the results of studies. Similar to other groups, who have reported positive as well as neutral effects of IPost,^[@b9],[@b19]--[@b20],[@b22]--[@b25]^ we used the same reperfusion‐reocclusion intervals as Staat and coworkers.^[@b6]^ However, we did not perform direct stenting of occluded vessels, which, in our experience, is often not suitable in these patients. Up‐front clopidogrel loading and administration of eptifibatide to all patients in our study could be thought to reduce the risk of microembolization during PCI. Direct stenting or stenting after predilation had no impact on the results in a previous study.^[@b24]^ The use of thrombectomy device or type of stent did not affect the primary endpoint in our trial.

Limitations
-----------

The results of our study apply to a highly selected group of STEMI patients, but this is inherent in the explanatory trial design.^[@b27]^ According to the inclusion criteria, the patients should represent a group expected to profit from IPost.^[@b2],[@b26]--[@b27]^ Nevertheless, there were more patients with small infarcts than we anticipated. Also, there were few adverse clinical events during follow‐up, altogether reflecting a low‐risk STEMI population. Of ethical and practical reasons, we did not include patients with cardiac arrest or cardiogenic shock nor unstable patients with pulmonary congestion. We do not know whether IPost could have an effect in these patients. Drop‐out patients are not at random, but it seems that the causes of lost subjects for primary endpoint determination are similar in the 2 groups, making selection bias probability low.^[@b17]^

Conclusions
===========

IPost had no effect on infarct size, assessed by CMR after 4 months, in STEMI patients treated by primary PCI. The results on secondary endpoints, including myocardial perfusion grade, 60‐minutes ST resolution in ECG, peak levels of troponin T in the acute stage, and LVEF and myocardial salvage index after 4 months, were consistently neutral. Cardiac adverse events were few and similarly distributed between the groups. At this stage, IPost adjunctive to primary PCI in the treatment of STEMI is not substantiated.
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